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Edited by Richard CogdellAbstract Phytochromes, photoreceptors controlling important
physiological processes in plants and many prokaryotes, are pho-
tochromic biliproteins. The red-absorbing Pr ground state is con-
verted by light into the farred-absorbing Pfr which can be
photoconverted back to Pr. In plants at least Pfr is the physio-
logically active signalling state. Here, we show that the N-termi-
nal photochromic module of Cph1 homodimerises reversibly and
independently in Pr and Pfr, Pfr-dimers being signiﬁcantly more
stable. Implications for the mechanism of signal transduction are
discussed.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Phytochromes are an important class of sensory biliproteins
in all plants, most algae, as well as certain fungi and many pro-
karyotes including most cyanobacteria. Typically phyto-
chromes are photochromic in the 600–750 nm wavelength
range: the red-absorbing ground state Pr (kmax ca. 660 ±
10 nm, R) is converted to the farred (kmax ca. 720 ± 15 nm,
FR) absorbing Pfr. FR converts Pfr back to Pr. This photo-
chromicity reﬂects a cis/trans-isomerisation around the double
bond between position 15 and 16 of the bilin prosthetic group.
Note that due to the spectral overlap of the two forms in the
red region, a photoequilibrium mixture will be produced by
irradiating with R, which in case of Cph1 contains maximally
0.7/0.3 Pfr/Pr.
In plants, phytochromes regulate numerous aspects of devel-
opment including germination, shade avoidance and ﬂowering
[1], while in prokaryotes, phytochromes have been implicatedAbbreviations: AUC, analytical ultracentrifugation; Cph1D2, N-termi-
nal, photochromic module of cyanobacterial phytochrome 1; FR,
farred light (720 nm); HSK, histidine sensor kinase; PCB, Phycocy-
anobilin; Pfr, farred-absorbing form of phytochrome; Pr, red-absorb-
ing form of phytochrome; R, red light (660 nm); r.m.s.d, root mean
squared deviation; SAR, speciﬁc absorbance ratio; SEC, size-exclusion
chromatography
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and input to the circadian clock [4]. In neither case, despite
intensive studies worldwide, is the signalling mechanism under-
stood.
Cyanobacterial phytochrome 1 (Cph1) was discovered by se-
quence comparison in the genome of Synechocystis sp. PCC
6803 and subsequently shown to be a bona ﬁde phytochrome
acting as a light-regulated histidine sensor kinase (HSK) in-
volved in a ‘‘two-component’’ phosphotransfer reaction with
a response regulator, Rcp1, encoded in the same cistron [5–7].
Many, if not most, HSKs show a common architecture with
a catalytic module attached to a regulatory module adapted
to sense a particular aspect of the extra- or intracellular envi-
ronment (hormones, ions, amino acids, sugars, osmolarity or,
as in the case of Cph1, light). All known HSKs are stable di-
mers bound by strong interactions between double antiparallel
a-helices constituting the H subdomain of the catalytic module.
Kinase activation leads to mutual transphosphorylation of a
conserved histidine residue in the H subdomain, followed by
phosphotransfer to an aspartate residue of the cognate re-
sponse regulator or an intermediate carrier [8].
While sensor modules are appropriately diverse, the kinase
modules are remarkably strongly conserved. Hence it is likely
that the regulatory mechanism used in all histidine sensor ki-
nases is similar. Given the great importance of this class of sen-
sor amongst pathogens, the regulatory mechanism is of
considerable interest. Cph1 thus oﬀers a most useful experi-
mental model, as the regulatory agent is light rather than a
chemical ligand. The similarities between Cph1 and other phy-
tochromes make it additionally interesting in this context too.
In parallel with attempts to elucidate the 3D structure of
Cph1, we have been studying the physicochemistry of the
N-terminal sensor module. The truncated translation product
Cph1D2 (molecular mass 59.3 kDa, residues 1–514 plus a
C-terminal His6-tag) lacking the catalytic domain covalently
binds its native chromophore phycocyanobilin (PCB) in an
autocatalytic fashion to give a red-/farred photochromic holo-
protein, photochemically almost indistinguishable from the
full-length wildtype. In early studies we noticed that Cph1D2
mobility in size-exclusion chromatography was Pr/Pfr state
dependent, even allowing Pfr to be puriﬁed from mixtures of
the two forms. In order to establish the physical basis of this
eﬀect, we subsequently carried out an intensive quaternary
structural investigation using analytical ultracentrifugation.
We conclude that hydrophobic interactions lead to both
(Pr)2 and (Pfr)2 homodimers, the latter being much more
stable. As there is no evidence for (PrPfr) heterodimers, theation of European Biochemical Societies.
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tively diﬀerent from that in (Pfr)2, perhaps involving com-
pletely diﬀerent residues and/or portions of the surface. The
implications of this for models of intramolecular regulation
in histidine sensor kinases and in phytochromes are discussed.2. Material and methods
2.1. Preparation of chromophore and Cph1D2
Preparation of apo- and holoprotein was essentially performed as
described [9]. Brieﬂy, overnight cultures of XL1-blue E. coli (Strata-
gene) harbouring the p929.5 expression plasmid were grown to early
exponential phase (OD600 nm  0.4) at 30 C and cooled on ice.
Expression was induced with 20 lM IPTG at 18 C for 18 h, then
the cells were washed and concentrated in cold TES (50 mM Tris pH
7.8, 5 mM EDTA, 300 mM NaCl, including 1 mM DTT) before lysis
by two passages through a French press at 120 MPa. Before the ﬁrst
passage, phycocyanobilin (PCB) was added to the cell suspension.
The crude extract was clariﬁed at 25 000 · g, precipitated with ammo-
nium sulphate, resuspended in 50 mM Tris pH 7.8, 300 mM NaCl and
subjected to Ni2+-aﬃnity chromatography. Eluted holo-Cph1D2 was
further puriﬁed by preparative SEC in a Sephacryl S300 (Pharmacia/
GE) column in TES. Protein preparations used in analytical ultracen-
trifugation experiments had an SAR (speciﬁc absorbance ratio, A656/
A280) of >1.1, implying a holoprotein purity of >80%. All manipula-
tions of holoprotein were carried out in darkness or under green safe-
light (light-emitting diodes (LEDs), kmax 520 nm).
2.2. Analytical gel ﬁltration and preparation of pure Pfr
Aﬃnity-puriﬁed Cph1D2 in TES was concentrated by ultraﬁltration
(Centricon 15 K) to 5 mg/mL. Pr and 0.7 Pfr/0.3 Pr photoequilib-
rium mixture were produced by saturating irradiation at 730 or 660 nm
(using appropriate LEDs) with short pathlengths to avoid spectral gra-
dients. 200 ll samples were loaded onto a Superdex 200 (Pharmacia/
GE) size-exclusion column running at 250 lL/min with TES. The col-
umn was calibrated regularly using six marker proteins between 12.4
and 443 kDa (Sigma). 500 lL fractions were collected and UV–Vis
spectra measured with a Uvikon 941 spectrophotometer.
2.3. Analytical ultracentrifugation
AUC experiments were conducted in a Beckmann Coulter Xl-I ana-
lytical ultracentrifuge. Data were collected at appropriate wavelengths
ranging from 245 to 330 nm. Three diﬀerent speeds in the range 8–
20 krpm were used for the determination of equilibrium coeﬃcients.
Experiments were performed in 50 mM Tris, pH 7.8, 5 mM EDTA
and 0/150/300 mM NaCl, at 10/20/30 C. Solvent densities were calcu-
lated using SEDNTERP (www.bbri.org/RASMB/rasmb.html). The
partial speciﬁc volume (m) of Cph1D2 was calculated from the sequence
and the contribution of the (unprotonated) chromophore was ac-
counted for by summing tabulated density increments of the respective
chemical groups. An extinction coeﬃcient e280 of 59 mM
1 cm1 was
used to determine molar concentrations and extinction coeﬃcients at
all other wavelengths were calculated relative to this value.
Attainment of apparent sedimentation and chemical equilibrium was
checked with MATCH. Equilibrium data were analyzed using Ultra-
Scan6.0 (http://www.ultrascan.uthscsa.edu/), NONLIN (MATCH
and NONLIN are available from http://vm.uconn.edu/~wwwbiotc/
uaf.html) and the M\-function implemented in a script for Origin6.0
(K. Schilling, Nanolytics, Dallgow, Germany; www.bbri.org/RASMB/
rasmb.html). A detailed description of the experimental procedures can
be found in the supplementary material.Fig. 1. (A) SEC-proﬁle of Pr and Pr/Pfr-mixtures. (B) spectrum of
pure Pfr after SEC overlaid with a Pfr spectrum calculated on the basis
of initial rate measurements. (C) equilibrium gradients at 12 krpm of
sequentially irradiated Cph1D2 (10 C, 150 mM NaCl). The arrow
indicates the position at which the wavelength spectra shown in (D)
were taken.3. Results
Size-exclusion chromatography in darkness revealed a diﬀer-
ent elution behaviour for the two forms of Cph1D2 (Fig. 1A).
Pr (derived from saturating FR irradiation) eluted at the posi-
tion expected for a globular protein of 60 kDa, that is as amonomer. This was expected as deletion of the C-terminal cat-
alytic module removed the H box subdomain primarily
responsible for dimerisation of the full-length molecule. Unex-
pectedly, however, the photoequilibrium Pfr/Pr mixture
achieved in R eluted as two peaks, a smaller corresponding
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putative dimer. The UV–Vis absorbance spectrum of this peak
corresponded exactly to that calculated for pure Pfr from the
0.70/0.30 Pfr/Pr molar ratio at photoequilibrium derived from
initial rate measurements according to Butlers equations for
photochromic pigments [10,11]. This is the ﬁrst Pfr absorbance
spectrum to have been measured directly. The UV/Vis proper-
ties of such preparations kept in total darkness for two weeks
at 20 C did not change. Thus Cph1-Pfr is thermodynamically
stable, showing no tendency for dark reversion to Pr.
In order to understand whether this diﬀerence in elution
behaviour was due to a change in the hydrodynamic shape
of the molecule or rather an increase in the apparent molar
mass of the Pfr-fraction, sedimentation equilibrium experi-
ments were performed. Cph1D2 solutions were sequentially
irradiated with FR (Pr 1), R (Pfr/Pr) and FR (Pr 2) (Fig.
1C). After acquisition of the respective equilibrium gradients,
a wavelength spectrum was recorded (Fig. 1D). This experi-
ment showed that generation of Pfr increases the slope of the
equilibrium gradient, which is directly proportional to the
average molar mass of the system. Regeneration of Pr by sim-
ple irradiation with FR demonstrates the reversibility of this
increase. Furthermore, this experiment conﬁrms the thermal
stability of Pfr under the conditions used in the AUC and
for the time needed to attain sedimentation equilibrium (ca.
30 h for one gradient). A quantitative analysis of the weight-
average molar masses conﬁrms this increase and also shows
that no protein is lost due to precipitation during the photocy-
cling (Table 1).Table 1
Results of an M*-analysis of the experiment shown in Fig. 1C
0 mM NaCl 150 mM NaCl 300 mM NaCl
Pr 1
Mwav (kg/mol) 57.25 54.86 61.68
cload (mg/mL) 0.53 0.41 0.68
Pr/Pfr
Mwav (kg/mol) 72.33 69.18 70.9
cload (mg/mL) 0.55 0.46 0.73
Pr 2
Mwav (kg/mol) 57.52 59.29 64.38
cload (mg/mL) 0.53 0.42 0.69
Table 2
Predicted values of the molar mass (expected value 59 kg/mol) and associati
Model Molar mass (kg/mol)
Pr 61.3
Monomer–dimer 56–66.7
Pfr 67.2
Monomer–dimera 63.8–70.6
Pfr 56.1
Monomer–dimer–tetramerb 50.1–62.2
95%-conﬁdence intervals are given below the best-ﬁt parameter values, in bo
ﬁts are depicted in supplementary materials.
aA monomer–dimer only model is not suﬃcient to describe the data as the pr
model is thus shown for completeness only.
bThe formation of oligomers higher than the dimer is likely, however, their na
model is shown as a plausible example only.We performed model-dependent ﬁtting of preparations con-
taining Pr or Pfr only (>95% purity), allowing the molar mass
parameter to be ﬂoated. This analysis showed that both Pr and
Pfr of Cph1D2 undergo a reversible monomer–dimer equilib-
rium, albeit with an association coeﬃcient diﬀering by more
than one order of magnitude (Table 2). This diﬀerence is large
enough to separate the two forms of the protein by non-equi-
librium methods such as SEC at appropriate concentrations
(vide supra).
To understand the nature of the driving forces for Pr and Pfr
dimerisation, we systematically varied both the experimental
temperature and the ionic strength of the solvent. The Pr
and the Pfr interactions increased with increasing temperature
and ionic strength, indicating a hydrophobic interaction in
both cases (Fig. 2B). Under all conditions tested, Pfr showed
a stronger tendency to dimerise. Note that using our experi-
mental protocol (cf. supplementary material), we cannot ex-
clude the contribution of oligomers other than (Pfr)2 to the
second dimerisation coeﬃcient. Taken together, these data
demonstrate the presence of two diﬀerent, hydrophobic inter-
faces which are controlled by the cis-/trans-isomerisation of
the bilin prosthetic group.4. Discussion
In this work, we have shown that light regulates the quater-
nary structure of the N-terminal signalling module of Cph1.
Our data demonstrate that both (Pr)2 and (Pfr)2 dimers occur
and that the interaction is hydrophobic, but that the aﬃnity is
about an order of magnitude stronger in the latter case.
Although we cannot exclude their occurrence, we found no evi-
dence for the existence of (PrPfr) heterodimers. Photodynam-
ically, the mole fraction of Cph1-Pfr in red light is calculated
to be 0.70, whereas if Pr/Pfr interactions were equally strong
these oligomers would be abundant in the dimer fraction. On
the contrary, no such heterodimers are detectable, implying
that Pr and Pfr present diﬀerent interaction surfaces (see Fig.
3A). We cannot exclude the possibility that a much weaker
interaction allows Pr/Pfr heterodimerisation at the same sur-
face, however. Fo¨rster resonance energy transfer studies with
Cph1D2 and the stably dimerised full-length Cph1 are incon-
clusive in this regard [12]. These ﬁndings are interesting in at
least three contexts.on coeﬃcients of pure Pr and Pfr
KA monomer–dimer (mM
1) r.m.s.d. (mOD)
19.8 4.95
9.54–41.3 4.86–5.14
96 4.87
62.4–147.5 4.6–5.12
334.9 4.83
147.9–758.7 4.56–5.07
ld. Experimental conditions: 10 C, 300 mM NaCl. The corresponding
edicted molar mass deviates signiﬁcantly from the expected value. This
ture cannot be established unambiguously from our data. The tetramer
Fig. 2. (A) Sedimentation data at diﬀerent volume fractions of Pfr
(UPfr) and ﬁts to a model containing association coeﬃcients describing
the dimerisation of Pr and Pfr as detailed in supplementary material
(20 C, 150 mM NaCl). The respective residuals are shown on top.
Experimental data at all other conditions were similar to the ones
depicted. (B) Variation of the association coeﬃcient of Pr and Pfr with
solvent conditions, as determined from experiments similar to those in
(A). Error bars represent 95%-conﬁdence intervals.
Fig. 3. Models for quaternary structure changes. (A) Dimerisation
behaviour of Cph1D2 as Pr and Pfr. (Pr)2 and (Pfr)2 homodimers of
the sensor module (Cph1D2) are photoreversible and have diﬀerent
stabilities, indicating diﬀerent contact surfaces in each case. (B)
Quaternary structural changes as a basis for regulating the signalling
activity of phytochromes and two-component type histidine sensor
kinases. The full-length molecule (Cph1) is a stable dimer, the binding
site(s) lying in the C-terminal module. The N-terminal sensor module is
connected to this via a hinge region to form a Y-shaped structure in the
Pr state (as proposed by Jones and Erikson in 1989 [17]). Signalling is
regulated by the conformation of the N-termini, the two arms of the
molecule coming together in the Pfr state (as proposed by Furuya and
Song, 1994 [18]). Our data provides the physicochemical basis for this
model.
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valuable in NMR and diﬀraction-based 3D structural studies
of phytochrome function.
Secondly, the change in interaction might represent the
physical basis for catalytic regulation in HPKs and/or phyto-
chromes (see Fig. 3B). In the former case, changing the contact
surfaces might reorient and thus activate the C-terminal kinase
module, thus triggering autophosphorylation and downstream
signalling via the two-component pathway, while in the case of
plant phytochromes the change might rather aﬀect intermolec-
ular signalling interactions of the N-terminal region. Weak
(PrPfr) interaction might mean that for the dimeric full-length
protein, both subunits need to be phototransformed before
downstream signalling can take place. This would introduce
a combinatorial threshold for signalling activity. Interestingly,
a particular mode of phytochrome signalling at very low ﬂu-
ence rates has been proposed to derive from (PrPfr) heterodi-
mers [13,14]. As movement of the sensor module would be
constrained by the hinge mechanism, the Pr/Pr interaction
might be much weaker than in the case of free Cph1D2. In-
deed, it is possible that the hydrophobic interface of Pr is a
peculiarity of the recombinant deletion construct: removal of
the C-terminus might have left a hydrophobic patch exposed
to the solvent, which would be responsible for the weak dimer-
isation seen in Cph1D2. However, this potential artefact is
inconsequent for the signalling hypothesis discussed above.
Finally, due to the reversibility of the interaction and the sta-
bility of both Pr and Pfr states, photoreversible dimerisation ofCph1D2 is interesting biotechnologically. It might be possible
to generate light-controllable systems in the context of proteins
requiring dimerisation for function. As holoCphD2 can be gen-
erated in vivo [15,16] or by an in vitro autoassembly with apo-
phytochrome and free bilins, recombinant proteins could be
engineered in which the Cph1D2 module replaces the normal
dimerisation site.
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